Torsional tension in DNA may be both a prerequisite for the efficient initiation of transcription and a consequence of the transcription process itself with the generation of positive torsional tension in front of the RNA polymerase and negative torsional tension behind it. To examine torsional tension in specific regions of genomic DNA in vivo, we developed an assay using photoactivated psoralen as a probe for unconstrained DNA superhelicity and x-rays as a means to relax DNA. Psoralen intercalates more readily into DNA underwound by negative torsional tension than into relaxed DNA, and it can form interstrand DNA cross-links upon UVA irradiation. By comparing the amount of psoralen-induced DNA cross-links in cells irradiated with x-rays either before or after the psoralen treatment, we examined the topological state of the DNA in specific regions of the genome in cultured human 6A3 cells. We found that although no net torsional tension was detected in the bulk of the genome, localized tension was prominent in the DNA of two active genes. Negative torsional tension was found in the 5' end of the amplified dihydrofolate reductase gene and in a region near the 5' end of the 45S rRNA transcription unit, whereas a low level of positive torsional tension was found in a region near the 3' end ofthe dihydrofolate reductase gene. These results document an intragenomic heterogeneity of DNA torsional tension and lend support to the twin supercoiled domain model for transcription in the genome of intact human cells.
ABSTRACT
Torsional tension in DNA may be both a prerequisite for the efficient initiation of transcription and a consequence of the transcription process itself with the generation of positive torsional tension in front of the RNA polymerase and negative torsional tension behind it. To examine torsional tension in specific regions of genomic DNA in vivo, we developed an assay using photoactivated psoralen as a probe for unconstrained DNA superhelicity and x-rays as a means to relax DNA. Psoralen intercalates more readily into DNA underwound by negative torsional tension than into relaxed DNA, and it can form interstrand DNA cross-links upon UVA irradiation. By comparing the amount of psoralen-induced DNA cross-links in cells irradiated with x-rays either before or after the psoralen treatment, we examined the topological state of the DNA in specific regions of the genome in cultured human 6A3 cells. We found that although no net torsional tension was detected in the bulk of the genome, localized tension was prominent in the DNA of two active genes. Negative torsional tension was found in the 5' end of the amplified dihydrofolate reductase gene and in a region near the 5' end of the 45S rRNA transcription unit, whereas a low level of positive torsional tension was found in a region near the 3' end ofthe dihydrofolate reductase gene. These results document an intragenomic heterogeneity of DNA torsional tension and lend support to the twin supercoiled domain model for transcription in the genome of intact human cells.
There has been ongoing discussion for over 10 years about whether or not the genomic DNA of eukaryotic cells contains torsional tension-i.e., DNA supercoils not constrained by nucleosome cores (1) (2) (3) (4) . The presence of DNA topoisomerases in cells is indirect evidence that torsional tension is being generated in cellular DNA as a consequence of various processes, but these enzymes may relax any generated tension so rapidly that it may not be possible to experimentally detect it (5, 6) . It was shown by Sinden et al. (1) that, in contrast to Escherichia coli, the genomes of Drosophila and HeLa cells do not contain any overall net torsional tension as measured by a psoralen binding assay. However, as pointed out by the authors, any torsional tension in small "windows" of the genome-e.g., active gene domains-would probably not have been detected by this method. Since then, numerous reports have suggested that the DNA in and around active genes may be under torsional tension (7) (8) (9) (10) (11) (12) and that this tension may actually be a prerequisite for efficient initiation of transcription of many genes (13) (14) (15) (16) . In addition, the process of transcription itself has been hypothesized to produce positive torsional tension ahead of the transcription machinery and negative torsional tension behind it (17) . This "supercoiled twin domain" model for transcription has been supported by studies using plasmids, either in vitro (18, 19) or in cellular systems (20) (21) (22) (23) . However, direct evidence for the twin supercoiled domain model in genomic DNA has not yet been presented.
To examine torsional tension in specific DNA sequences of the genome of intact human cells, we developed a technique using photoactivated 4'-hydroxymethyl-4,5',8-trimethylpsoralen (HMT) as a probe for torsional tension (24, 25 ) and x-rays as a means to relax DNA. The rationale for our assay was to compare the amount of interstrand DNA cross-links induced by HMT and ultraviolet light of 365 nm (UVA) in intact cells to the amount induced in x-irradiated cells in which any tension should be relaxed by radiation-induced DNA nicks. These interstrand DNA cross-links were monitored in specific DNA sequences in the genome of human 6A3 cells using the alkaline-fragmentation-renaturationhydroxylapatite (AFRHA) technique (26) (27) (28) , coupled with hybridization detection of specific DNA sequences. Using this assay, we examined the topological state of the DNA in two different locations within the amplified dihydrofolate reductase (DHFR) gene, a region within the 45S rRNA transcriptional unit and the genome overall.
MATERIALS AND METHODS Cells. The human 6A3 cell line (29) AFRHA/Slotblot. The AFRHA/slotblot technique is illustrated in Fig. 1 . The AFRHA method was performed essentially as described (26) (27) (28) . After x-irradiation and photocross-linking, the cells were washed once with ice-cold 0.15 M NaCl followed by the addition of 2 ml of ice-cold 0.06 M NaOH/0.15 M NaCi to each dish. After a 5-min lysis on ice, the dishes were scraped and the lysates were transferred into 10-ml plastic tubes. The samples (about 2 ml) were sonicated for 30 sec (output, 1.5) followed by a 15-minute incubation on ice to completely denature the DNA. Neutralization was accomplished by the addition of 750 1LI of 0.2 M NaH2PO4, and to dissociate DNA-bound proteins, 8.4 ml of 10 M urea/0.625% SDS was added. Separation of single-and double-stranded (cross-linked) DNA was performed on drip columns of hydroxylapatite. About 1-cm column height (0.5 g) of hydroxylapatite (HTP grade, Bio-Rad) was placed in 10-ml syringes hanging inside 25-ml glass tubes submerged in a water bath at 60TC. Passage of samples and subsequent rinses and elutions were carried out under positive air pressure, resulting in a flow rate of about 3 ml/min. After the sample volumes had passed through the columns, 24 ml (3 x 8 ml) of 8 M urea/0.012 M potassium phosphate (pH 6.8) was run through each column to remove any remaining DNAbound proteins. This was followed by the addition of 16 ml (2 x 8 ml) of 0.012 M potassium phosphate (pH 6.8) to remove residual urea and SDS. The single-and double-stranded DNA fractions were then eluted with 4 ml of 0.14 M and 0.25 M potassium phosphate buffer (pH 6.8), respectively. EDTA was added to each eluted sample to a final concentration of 2 mM. The samples were incubated with 0.3 M NaOH at 70'C for 60 min to reverse DNA cross-links (30) and to hydrolyze RNA. The samples were then diluted in TE, neutralized with 5 M HCI, and mixed with an equal volume of filtered 20x SSPE (lx SSPE = 0.18 M NaCI/10 mM sodium phosphate/1 mM EDTA). One-hundred-ten microliters of each sample containing not more than 0.1 ,ug of DNA was loaded in triplicate onto Hybond N+ nylon membranes using a slotblot apparatus according to instructions from the manufacturer. Hybridization. Hybridization of the membranes with 32p-labeled nick-translated probes was performed as described by Bohr et al. (31) . The probes used ( Fig. 2) were PZH-9, PZH-15 (gifts from G. Spivak, Stanford University), PGEMO.69EH [a gift from B. J. Dolnick (32)], and sonicated genomic DNA isolated from 6A3 cells. After 24-40 hr of hybridization at 42°C, the membranes were washed once in 2x SSPE/0.1% SDS at room temperature for 15 min followed by a wash in 0.1x SSPE/0.1% SDS, first at room temperature for 15 min and then at 60°C for 15 min. The membranes were autoradiographed for various times (20 min to 24 hr), and the resulting bands were scanned using a scanning densitometer. 
RESULTS
Method. To examine the topology of specific regions of genomic DNA in vivo, we developed an assay utilizing photoactivated HMT as a probe for torsional tension. HMT readily enters intact cells and the amount of DNA intercalation is proportional to the degree of unconstrained negative superhelicity (1, 24) . Upon exposure to UVA, the intercalated HMT molecules form covalent monoadducts and interstrand DNA cross-links (25) . The rationale for our assay is that by comparing the amount of DNA cross-links induced in cells in which the DNA had been nicked by x-rays before the HMT and UVA treatment with the amount induced in intact cells, the topological state of the DNA can be determined. The induced DNA cross-links were monitored in specific DNA regions of the genome by combining a cross-linking assay (AFRHA) (26-28) with a slotblot technique (see Fig. 1 ). In the AFRHA assay, cells were lysed in alkali and sonicated to denature and break the DNA. The resulting DNA fragments ranged from 0.5 kb to about 6 kb in size, with the majority of the fragments being about 2 kb, as determined by agarose gel electrophoresis (data not shown). When the lysates are neutralized, DNA fragments containing at least one cross-link should readily renature, whereas non-crosslinked fragments should remain single-stranded. Singlestranded and double-stranded (cross-linked) DNA was then separated by hydroxylapatite chromatography. The eluted samples were heated in alkali to reverse psoralen-induced DNA cross-links (30) Torsional Tension in Specific Genomic Regions. Fig. 3 shows a composite of autoradiographs from an experiment in which four sets of identical slotblots were individually hybridized with four different 32P-labeled DNA probes. The control lanes contain DNA from a culture dish that was irradiated with 150 Gy of x-rays but not photocross-linked with HMT and UVA. The hybridization signal seen in the double-stranded DNA fractions of the control samples most likely originates from the renaturation of cDNA sequences during the hydroxylapatite chromatography procedure. This "background" was consistently found to be highest for the rDNA, which has a high copy number in the genome. However, copy number did not seem to be the sole determinator of the level of background observed since the 3' DHFR control consistently showed a higher background than did the 5' DHFR control, even though they are represented by the same copy number.
In the middle two horizontal rows, the hybridization patterns for the single-and double-stranded DNA fractions obtained from a culture dish x-irradiated before the HMT and UVA treatment are shown. They are compared to the hybridization patterns shown in the bottom two rows, which represent DNA from a culture dish x-irradiated after the photocross-linking procedure. It is clear that irradiating the cells with 150 Gy of x-rays before the psoralen treatment significantly reduced the number of cross-links-i.e., the In contrast, the number of cross-links in a region toward the 3' end of the DHFR gene and in genomic DNA was not greatly influenced by x-irradiation.
In Table 1 and Fig. 4 domain may be considerably greater than that in the bulk of the genome (28, 34) , the small average size of the fragments studied in the cross-linking assay (about 2 kb) suggests that the target size of relaxation is greater than the average size of the fragments studied. The data also imply that the domains of negative and positive torsional tension are of roughly comparable size.
Sequence Specificity of Psoralen Photocross-Linking. When treating the 6A3 cells with HMT and UVA, we found large differences in the absolute amounts of DNA cross-links induced in the different DNA sequences studied. This was also true for the samples that had received 150 Gy of x-rays prior to the psoralen and UVA treatment. Since these samples should not contain any torsionally strained DNA, the differences must stem from either DNA sequence specificity or differences in chromatin structure (25) . To distinguish between these possibilities, deproteinized sonicated genomic DNA was treated in vitro with HMT and UVA followed by AFRHA/slotblot. As can be seen in Table 2 , a prominent sequence specificity of psoralen photocross-linking was revealed with the 5' end of the DHFR gene and the 45S rRNA transcription unit showing low levels of psoralen photocrosslinks, whereas the 3' end of the DHFR gene showed a high level. This general pattern of DNA photocross-linking was matched in the in vivo experiments of x-irradiated cells (see Table 1 ). We, therefore, conclude that DNA sequence specificity of psoralen photocross-linking is a major factor responsible for the uneven amounts of DNA cross-links induced in the different DNA regions studied. 
DISCUSSION
Using an assay based on in vivo psoralen photocross-linking of genomic DNA, a reaction that is sensitive to the presence oftorsional tension, we have provided direct evidence for the presence of localized torsional tension in the DNA of intact human cells. By comparing the level of DNA cross-links induced by psoralen and UVA in x-irradiated, relaxed DNA with the level induced in intact DNA, we could investigate the topological state of small specific DNA regions as well as the genome overall. We show that the level of induced DNA cross-links in the genome overall was not noticeably affected by prior x-irradiation. This result confirms the findings of Sinden et aL (1) that the bulk ofthe genome in eukaryotic cells does not contain any net torsional tension. However, for two actively transcribing gene domains we observed a marked effect of x-rays on the amount ofDNA cross-links induced by HMT and UVA. Upon irradiation with 150 Gy of x-rays, the amount of induced DNA cross-links was lowered by about 50%6 in the 5' end ofthe DHFR gene and in a region near the 5' end ofthe 45S rRNA transcription unit, whereas it was increased in the DNA in a region near the 3' end of the DHFR gene by about 20%6. These results suggest that the DNA in the 5' end of the DHFR gene and the 45S rRNA transcription unit is under negative torsional tension, whereas the DNA at the 3' end ofthe DHFR gene contains a low level of positive torsional tension. Psoralen photocross-linking assays have previously been used in a few studies to investigate torsional tension in specific genomic locations in vivo. The renaturing agarose gel electrophoresis (RAGE) technique developed in this laboratory (35) has been used by others to show that the amount of DNA cross-links induced by psoralen and UVA correlates with the rate of transcription in chloroplasts (36, 37) but not in bacteria (38) . Using alternative cross-linking assays, the level of DNA cross-links induced by psoralen and UVA has been measured in specific genomic regions of cultured Drosophila cells (39) and human cells (40) . The results indicate that the level of induced cross-links is higher in active genes than in either inactive genes or the genome overall. However, it is not clear to what extent these results reflect torsional tension in the DNA or an altered chromatin structure. In addition, the DNA fragments studied were of relatively large sizes (10-70 kb) (39, 40) and no attention was given to the location of the DNA probes within a given gene.
Using the AFRHA/slotblot assay, we monitored crosslinks in DNA fragments that were only about 2 kb long. This approach enabled us to examine the topology of the DNA in the promoter region of the DHFR gene. Our results are consistent with previous reports implicating the presence of negative torsional tension in promoter regions of active genes. Non-B-DNA structures, which can be induced by negative torsional tension, have been found in the promoter regions of different genes using S1 (7) and P1 endonucleases (12) or antibodies to Z-DNA (41) . It has been suggested that this negative torsional tension is introduced prior to the onset of transcription (8, 42, 43) and that it aids in the recruitment of transcription factors by regulatory sequences (15, 16) .
Our study also lends support to the twin supercoiled domain model for transcription proposed by Liu and Wang (17) . According to this model, the unwinding of the DNA helix during transcriptional elongation generates positive supercoils in front of the transcription machinery and negative supercoils behind it. This model has been experimentally confirmed in plasmid model systems in which DNA topoisomerase activity had been perturbed by mutation or chemicals (20, 21) and in vitro systems containing prokaryotic topoisomerase 1 (18, 19) . Evidence in support for this model has also been obtained with plasmids in cellular systems containing functional DNA topoisomerases (22, 23) .
Are there advantages for conserving some of the torsional tension in the DNA induced by transcriptional elongation, or is the prevalence ofthe twin supercoiled domain in vivo simply the result of DNA topoisomerases lagging behind in the relaxation of the DNA supercoiling induced by transcription? Recent findings suggest that negative and positive torsional tension may play important roles in the transcription of genes in chromatin. (i) The negative torsional tension we observed in the 5' end of the active DHFR and 45S rRNA genes may ensure efficient reinitiation of transcription by enhancing the binding of transcription factors to promoter sequences. It has been shown in vitro that the rate of transcription factor IID binding to the promoter, which is the rate-limiting step in the formation of the preinitiation complex, is greatly increased if negative torsional tension is introduced into the DNA template (15, 16) . In addition, negative torsional tension underwinds the DNA, a situation that favors the melting of the DNA helix for the initiation of transcription. (ii) Positive torsional tension advancing ahead of the transcriptional machinery may alter the chromatin structure in such a way as to allow the traversing of the RNA polymerase through the nucleosomes. Recent findings implicate an altered chromatin structure in the 3' end of active genes, perhaps caused by transcription-induced positive supercoiling (44, 45) . Furthermore, it has been shown in vitro that the reconstitution of nucleosomes is preferred on negatively supercoiled DNA as compared to positively supercoiled DNA (46) . This observation has led to the model that nucleosomes may migrate from locations in front of the traversing transcription machinery, where binding is unfavorable, to sites behind the polymerase, where binding is favored (6, 46, 47) .
If DNA topology is important for efficient transcription, steps must be taken to avoid the formation of DNA strand breaks that can act as swivel points for the relaxation of torsional tension. An impressive arsenal of defense systems has evolved to protect the DNA from the strand-breaking actions of ionizing radiation and oxidative stress (28, 48, 49) . This defense is far from perfect; strand breaks do occur in the DNA that are handled by repair enzymes. However, for the resumption of efficient transcription, the restoration of proper DNA topology must be critical. It has been found that DNA topoisomerase II, together with an additional protein factor, is capable of introducing negative supercoils into DNA in vitro (50) . Perhaps this eukaryotic gyrase-like activity is involved in the reactivation of transcription after DNA relaxation (15, 51) . Another process that by necessity introduces breaks and gaps into DNA is excision repair. Interestingly, it has been found in vitro (52) and in vivo (53) that plasmids undergoing excision repair by the UvrABC repair system of E. coli maintain their superhelical state. These results suggest that the UvrABC complex prevents the supercoiled DNA from swiveling at the repair-induced DNA strand break. It has been postulated that prior to the incision step, a stretch of DNA containing the lesion is displaced into a separate loop or domain that can be nicked without affecting the topology of neighboring DNA (54) . Further studies of the fine structure of DNA torsional tension within active gene domains should provide more clues to the mechanism of transcription and DNA repair in mammalian chromatin.
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